Abstract: Diabetic retinopathy is generally considered as a microvascular disease which develops as a result of chronic hyperglycaemia. However, the neuronal apoptosis and reactive gliosis are recently postulated as early changes in diabetic retinopathy. This phenomenon is described as a neurodegeneration and suggests that diabetic retinopathy should be recognized as a neurovascular complication. In this review, we discuss the mechanisms leading to the neurodegeneration of the retina in diabetic patients including: low-grade inflammatory process, oxidative stress, activation of polymorphonuclear neutrophils, glutamate excitotoxicity and imbalance in the neuroprotective factors. Secondly, we point out the clinical significance of measuring the retinal neurodegeneration.
INTRODUCTION
Diabetic retinopathy is still the leading cause of blindness in adult population of the Western countries. It is generally considered as a microvascular disease which develops as a result of chronic hyperglycaemia. However, the neuronal apoptosis and reactive gliosis are recently postulated as early changes in diabetic retinopathy. This phenomenon is described as a neurodegeneration and suggests that diabetic retinopathy should be recognized as a neurovascular complication [1] [2] [3] . In this review, we discuss the mechanisms leading to the neurodegeneration of the retina in diabetic patients. Secondly, we present the summary of data from clinical studies indicating the importance of measuring the retinal neurodegeneration.
Main Features of the Neurodegeneration in Diabetic Retina
The retina is a structure with several layers of neurons and a monolayer of retinal pigment epithelium situated between the neuroretina and the choroids. The only neurons that are directly sensitive to light are the photoreceptor cells (rods and cones). Neural signals from the rods and cones undergo processing by other neurons of the retina. The output takes the form of action potentials in retinal ganglion cells (RGC) whose axons form the optic nerve. In the course of diabetes the neural apoptosis is firstly detected in RGC. It results in a reduction of the retinal nerve fiber layer. Probably elimination of neurons is preceded by functional abnormalities within the retina [4] . The retinal neural tissue and the glial cells are supplied with oxygen by dual blood circulation. The endothelial cells of the microvessels constitute the blood retinal barrier which protects the neuroretina from the circulatory inflammatory cells and released cytokines. The interaction between all types of cells in the retina are essential for normal vision. Therefore, the metabolic processes taking place in the vessels and neurons in diabetes can not be separated. However, emerging evidence suggests that neurodegeneration precedes overt vascular complications in the retina [2, 3] . (Fig. 1) 
Neurodegeneration as an Early Event in the Pathogenesis of Diabetic Retinopathy-Potential Mechanisms

Hyperglycaemia, Inflammation and Oxidative Stress
Inflammation is defined as a cascade of phenomena induced in response to different pathological stimuli. It plays an important role in the development of diabetes and its late complications including diabetic retinopathy. Acute and chronic hyperglycaemia and high variability of glycaemia are associated with low grade inflammation and oxidative stress. In hyperglycaemic conditions glucose metabolism is enhanced both by the main and alternative pathways [5] . It results in enhanced glycolysis and mitochondrial overproduction of superoxide anions (O 2 -) that are a very important substrate for other reactive oxygen species (ROS). Mitochondria are source of endogenous ROS in all retinal cell types, and due to their high reactivity and local production the mitochondrial components such as mtDNA are also the first to be exposed and damaged by ROS. This cause decreasing mitochondrial energy production leading to the onset and progression of retinal degeneration. Moreover, hyperglycaemia results in increased polyol pathway flux leading to accumulation of sorbitol, decreases the NADPH/NADP and increases the NADH/NAD+ ratio. The decline in cellular NADPH may decrease the generation of nitric oxide in cells and alter the cellular redox balance [6] . The hyperglycaemia-induced increase in NADH/NAD ratio is generally characteristic of hypoxia and called "metabolic pseudohypoxia". All cells of the retina are sensitive to oxygen deficiency.
To counterbalance ROS damage antioxidant defense system exists. However, in retina of diabetic patients with bad glycaemic control, endogenous antioxidants including superoxide dismutase, catalase, glutathione, glutathione reductase and glutathione peroxidase, are not sufficiently effective [7] .
Hyperglycaemia enhances non-enzymatic glycosylation (glycation) of proteins and production of poorly reversible early glycation and completely irreversible Advanced Glycation End products (AGEs). AGEs modify intra-and extracellular proteins. Moreover, through specific receptors (RAGE) they activate inflammatory cells such as monocytes, macrophages, endothelial cells [6] . Moreover, they may interact with Müller cells that become additional source of inflammatory cytokines such as VEGF [8] . Biochemical disturbances such as hyperglycaemic pseudohypoxia, glucose auto-oxidation and increased production of AGEs create specific constellation of different molecules with the central position of protein kinase C (PKC) and nuclear factor kappa B (NF-k B) activation [9] . This leads to increased production of proinflammatory cytokines, chemokines and growth factors, causing further damage of retina.
Polymorphonuclear Neutrophils
The peripheral polymorphonuclear neutrophils are one of the main inflammatory cells and seem to significantly influence the damage of endothelium. Mechanisms of the injurious effect of activated neutrophils on endothelium are related to the release of large amounts of reactive oxygen species, proteolytic enzymes and cytokines. Additionally, increased neutrophil aggregation and adherence to endothelium were shown to result in leucoembolisation and capillary plugging with subsequent impairment of blood flow and tissue ischaemia. Physiologically PMNs die by programmed cell death named apoptosis (unstimulated cells) or by necrosis (activated cells) [10, 11] . In diabetic patients, an increasing activity of peripheral circulating PMNs was noticed and simultaneously their worse response to stimuli. A number of circulating PMNs with expression of specific receptors CD11b/CD18, reflecting activation of cells, was significantly higher in diabetic patients compared with healthy subjects [12] [13] [14] . O 2 -and H 2 O 2 production by PMNs is rigidly connected with NADPH oxidase activation. It was clearly shown that the activity of this enzyme was increased markedly both in hyperglycaemic and hypoglycaemic conditions and reflects low grade inflammation that plays crucial role in neurodegeneration.
Glutamate Excitotoxicity
Glutamate is a key neurotransmitter in the retina. Müller cells are mainly responsible for glutamate level both intraand extracellular in retina. There are two metabolic fates of glutamate: amidation to glutamine and conversion by transamination to alfa-ketoglutarate. Numerous studies 
Imbalance in the Neuroprotective Factors Synthesis
Neuronal survival, growth and function depend on the local availability of neurotrophins and growth factors. Dysregulation of neurotrophic factors is considered as the major future of retinal neurodegeneration in the course of diabetes. Retinal factors that exhibit neuroprotective properties include pigment epithelial derived factor (PEDF), somatostatin, interstitial retinol-binding protein (IRBP), brain derived neurotrophic factor (BDNF) and nerve growth factor (NGF). In diabetes, the efficacy and concentration of listed above neuroprotective factors are reduced [15] . Interestingly, neurotrophins such as vascular endothelial growth factor (VEGF), insulin growth factor-1 (IGF-1) and erythropoetin also decrease shortly after diabetes onset, but all increase with the development of proliferative retinopathy. The nature of this biphasic response remains uncertain.
The main source of PEDF and somatostatin is retinal pigment epithelium. Both have antiangiogenic and neuroprotective properties. PEDF protects against oxidative stress and glutamate excitotoxicity [16, 17] .
IRBP is produced by the photoreceptors and participate in the visual cycle. This factor is essential for the maintenance of the photoreceptors [18] . BDNF and NGF are synthesized and secreted mainly by glial and microglial cells. BDNF provides trophic support for retinal neurons and amacrine cells. Restoring NGF level prevent early apoptosis of neuronal death. VEGF is a well described factor that play an important role in the development of diabetic macular edema and neovascularization in proliferative diabetic retinopathy. The overexpression of VEGF is accompanied by downregulation of neuroprotective factors, especially PEDF.
All neurotrophins and many growth factors are responsible for functional and structural picture of retina. They have potent effects on neuronal differentiation, survival, neurite outgrowth, synaptic formation, and plasticity [19] . There is emerging evidence that imbalance in the neuroprotective factors synthesis is an early and crucial phenomenon in the diabetic retinal neurodegeneration. These findings are interesting, having clinical implications, but require further research to better understanding.
Retinal Neurodegeneration-Clinical Methods of Detection
A number of different instruments are available for the diagnosis of diseases and disorders affecting the retina.
Obviously, various studies have been conducted using animal models of diabetes as well as human donor tissues to explore the molecular mechanisms of retinopathy [20] . In the clinical evaluation ophthalmoscopy and fundus photography are used to examine the retina, however these techniques allow the assessment of microvessels. The electroretinogram is used to measure non-invasively the retina's electrical activity. Whereas, optical coherence tomography (OCT) allows to obtain a 3D volumetric or high resolution crosssectional tomograms of the retina.
Optical Coherence Tomography (OCT)
Optical coherence tomography is a non-invasive imaging test that uses light waves to take cross-section pictures of the retina. With OCT, each of the retina's distinctive layers can be seen, allowing to map and measure their thickness. Optical coherence tomography is based on low-coherence interferometry, typically employing near-infrared light. The use of relatively long wavelength light allows it to penetrate into the scattering medium. Image resolutions of 1 to 15 µm can be achieved one to two orders of magnitude higher than conventional ultrasound. Imaging can be performed in situ and in real time.
Multifocal Electroretinogram (mfERG)
The electroretinogram is a measure of electrophysiological activity in the retina that measures changes in field potentials elicited by retinal neurons. The multifocal electroretinogram (mfERG) technique allows local ERG responses to be recorded simultaneously from many regions of the retina.
Neurodegeneration of the Retina In Diabetic PatientsClinical Significance
Due to introduction of new methods of assessment the changes in the retina, the evaluation of neurodegeneration gained clinical significance. It has been shown in clinical studies in diabetic patients that the measurement of retinal nerve fiber layer (RNFL) and ganglion cell layer (GCL) thickness in OCT could serve as simple early sign of neurodegeneration in diabetic retina. There are studies conducted in type 2 diabetic (DM2) subject that revealed retinal nerve fiber layer defect in patients with early diabetic retinopathy [21] . However, the studies using OCT in type 2 diabetes concentrated mostly on the assessment of macular oedema [22] [23] [24] . Cabrera et al. showed reduced RNFL and GCL thickness in diabetic patients with mild retinopathy as compared to subjects without retinopathy [25] . However, the study group of Cabrera et al. was not homogeneous with very wide patients' age range. The nasal part of RNFL thickness was also significantly thinner in subjects with gestational diabetes mellitus (GDM) than in the healthy pregnant group. Acmaz et al. suggest that it might be the first retinal change in women with GDM [26] . It is suggested that neurodegeneration of the retina is reflects the general pathology of the nerves in diabetes. Therefore, Shahidi et al. aimed to correlate RNFL thickness with the presence of peripheral neuropathy in DM2 patients. The authors found a significant reduction of 1.5 μm for every unit increase in neuropathy disability score for the inferior RNFL quadrant [27] . Probably this quadrant of the retina presents worse adaptation to metabolic stress in diabetes due to its thickness.
The knowledge concerning clinical usefulness of retinal thickness measurement in type 1 diabetes (DM1) is more controversial. Ciresi et al. found no difference between DM1 patients with and without diabetic retinopathy and the control group for all OCT parameters investigated. The authors suggest that retinopathy without macular oedema in type 1 diabetic patients cannot be detected with OCT [28] . Opposite to Ciresi, Biallosterski et al. showed significantly decreased pericentral retinal thickness in patients with retinopathy compared to healthy controls [29] . Similarly, Van Dijk et al. compared DM1 subjects with retinopathy to the control group and showed thinning of the total retina [30] . We have found previously the thinning of the retina, as well as the particular neuroglial layers in type 1 diabetic subjects with retinopathy as compared to DM1 patients without retinopathy [31] . Moreover, the amplitude of oscillatory potentials measured in electroretinogram was reduced in young patients with DM1 and short disease duration before development of vascular changes [32] . Similar results were described in the adolescents by Juen et al. [33] .
Interestingly, we have found the negative correlations between thickness of retinal layers in OCT and duration of the disease [31] . The results are consistent with the works of Asefzadeh et al., however conducted in type 2 diabetes and with Biallosterski et al. in DM1. Similarly, in the work of Chihara et al. the risk factors for nerve fiber layer thinning included high systolic blood pressure and patient's age, but not glycated haemoglobin level [21] . Degeneration of the neurons and ganglion cells seems to be a gradual process, progressing with time. It could be optimistic for type 1 diabetic patients that this neurodegeneration is not dominantly dependent on glycaemic control. However, it might be that HbA1c level reflects only mean values of glycaemia from the last three months without showing the fluctuations of glycaemia and is just not a perfect determinant of good metabolic control. There are strong data in the literature that the combination of high metabolic demand and minimal vascular supply may limit the neural inner retina layers' ability to adapt to the metabolic stress of diabetes [34] . These aspects may partially explain the pathogenesis of neurodegeneration as an additive to microvascular disease element of diabetic retinopathy as well as the lack of correlation between HbA1c and OCT parameters presented in the literature.
CONCLUSION
In the development of diabetic retinopathy the neurodegenerative processes are involved. All types of cells in the retina are affected, including primarily retinal ganglion cells and glial cells. Since recently, noninvasive precise assessment of the retinal thickness was widely introduced into clinical practice. This could allow for early assessment of the retinal changes in patients with diabetes and will have potential therapeutic implications.
